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Elec~romagnetic excitation or "Coulomb excitation" of a nucleus by 

the electric field of a passing ion occurs most readily in nuclei having 

low-lying states with the character of collective excitations of the ground

state configuration. 1 Electric-quadrupole excitations are by far the most 

important. "Multiple Coulomb excitation" refers to excitation of higher 

states through successive step'S ina single collisiort. In an earlier paper,
2 

the double Coulomb excitation of even-even tungsten isotopes by o16 ions was 

reported (excitation of the 4+ member of the ground-state rotational band 

through tHe 2+ state). 

The probability of multiple Coulomb excitation should increase rather 

rapidly with increasing projectile charge, and Coulomb excitation in general 

is most favorable where the rotational-level sp~cings are smallest. With 

these factors in mind, search was made for higher than second-order Coulomb 

excitation in Th232 and u238 by irradiating with Ne20 , s32, and A4o ions 

produced by the Berkeley heavy-ion linear accelerator (Hilac). These 

particular target elements also have the virtue of being monoisotopic. (The 

uranium used was isotopically depleted in u235 and u234.) In this paper 

evidence is presented for excitation up to sixth order in u238 and fifth 

order in Th232 • 

Because of low beam intensities (1 to 5 m;i.cromicroamperes) it was 

necessary to employ thick targets of thorium and uranium metal (2 to 4 mils). 

The gamma rays resulting from Coulomb excitation were detected with a 3-in. 

by 3-in. Nai(Tl) crystal assembly mounted behind the target and recorded with 

a 100-channel pulse-height discriminator. In order to enhance the events 

from multiple Coulomb excitation and to reduce the background radiation, the 

gamma-ray detector was operated in fast coincidence (3 x 10-8 sec) with pulses 
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produced by the ba.ck-scattered heavy ions in an argon scintillation chamber. 

These gating pulses were cut off below about 10 Mev. 

The gamma-ray spectra obtained with A4o irradiation of u238 and Th232 

are shown in Figs. l(a) and l(b). The gamma-ray energies observed are listed 

in columns 2 and 5 of Table I except .that the energies for the 2+ ----> 0+ 

transitions were taken from other experiments. The 4+ ----> 2+ transition in 

u238 (103 kev) is somewhat uncertain both in energy and intensity because 

uranium K x-rays lie at 94 to 98 kev and accurate resolution was not possible. 

In Figs. l(a) and l(b) the small peaks that appear beyond energies of 311 kev 

and 273 kev can be reasdhably well explained both in energy and intensity as 

due to coincident arrival at the detector of lower-energy photons. Such 

pile-up peaks, occasioned by the high acce~tance angle of the detector, would 

make a negligible contribution to the gamma rays listed in Table I. 

The interpretation of these data in the form of level schemes is 

shown in Fig. 2. The evidence is largely indirect since it would be experi

mentally difficult to determine all of the gamma-gamma coincidences in the 

de-excitation sequences. However, as a partial check, it was established 

that in u238 the 214-kev ( 8+ --> 6+) gamma ray and part of the 103-kev 

(4+ --> 2+) intensity are in coincidence with the 161-kev (6+ --> 4+) 

transitio~. The principal pieces of evidence are: (a) the energies of the 

gamma rays are in agreement with expectations for excitation of rotational 

bands, (b) the yields of the photons for different bombarding ions and energies 

would be difficult to explain on any basis other than multiple Coulomb excita

tion of rotational bands, and (c) no other low-lying states are known in this 

region of the periodic system which would not at the same time give abundant 

crossover transitions of easily discernable energies. 

It is now well known that levels of a rotati anal band of an even-

even nucleus, such as those in Fig. 2, have energies given approximately by 

EI = AI(I+l), where EI is the energy of the state with spin I and I is 

restricted to even integers.3 The ~mpiDically determined constant A is 

related to the effective moment of inertia,~' by A= ~2/~. The first 

excited states (2+) have been established by other Coulomb-excitation work, 4 '5 

and the ·energies obtained have been used to determine A. W:i:th thi·s value of A 
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Fig. l. De-excitation gamma-ray spectrum of (a) u238 , 

(b) Th
2

3
2 

irradiated with 190-Mev A4o ions. A, B, 

C, D, E, and F correspond to K x-rays, 4+ ----> 2+, 

6+ --> 4+, 8+ --> 6+, 10+ --> 8+, and 

12+ ----> 10+ transitions, respectively, and G is 

a pile-up peak (see text). 
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Table I 

~ransition energies between rotational states produced 

by multiple Coulomb excitation 

Transition u238 transition energies (kev) 232 Th transition energies (kev) 

Exper. Calc. Calc. Exper. Calc. Calc. Calc. 
for A= for A= for A= for A= for A= 
7.45 7 .46, B= 8.33 8,38, B= 8.34, B= 

.. 2~xlo~3 -8.5xlo-3 -1. 2x1o-2 
C=4xlo-5 

2+ ~ 0+ ( 44. 7±0. 2;)a 44.7 44.7 (49.75±0.25) 
b 

50 50 50 

4+ ~ 2+ 103±2 104 103 113±2 117 114 113 

6+ ~ 4+ 161±2 164 162 170±3 183 173 170 

8+ ~ 6+ 214±3 224 215 222±4 250 222 221 

10+ ~ 8+ 264±4 283 265 273±5 317 259 272 

12+ ~ 10+ 311±5 343 310 

~aken from J. 0. Newton, Ref. 5. 

bThis value measured by present authors from u236 a decay using a xenon-filled proportional 
counter. 

.. .. , 

--
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Fig. 2. Rotational energy-level schemes proposed for 

(a) u238 and (b) Th232 . 
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the energies of other states may be ca1culated. The corresponding energy 

spacings of the rotational bands are listed in columns 3 and 6 of Table I. 

It is not surprising that agreement with the experimental results is in

creasingly poor for the higher states since it is expected (and found in 

other cases) that higher-order terms should be added to the expression for 

EI.to account for rotational-vibrational interactions. The second term 

BI2(I+l) 2 contains another constant, B, wh:i,ch can be related to vibrational 

energies. Colillnns 4 and 7 of Table I show that this second term is suf-
238 232 . ficient to bring into agreement the U data, but for Th a thud termJ 

Cl](I+l)3, is required (column 8). 

Table II gives a comparis·on of these constants for several nuclei 

in the heavy-element region. As is well known~ the value of A is rather 

constant for elements above thorium and increases rather sharply for lighter 
208 elements approaching the closed shells at Pb · • Indeed, below radium the 

rotational picture is no longer a proper description of lowest-energy 

collective modes of motion. It is apparent that if accurate values for 

B and C are to be obtained and only a few members of a rotational band 

can be measured, great precision in the energy determination is required. 

However, if (as in the present study) a large number of states are discernable, 

high precision is not required. The values of C shown for Ra226 and u234 

are only estimates which are entered to give some comparison with the more 

accurate values obtained in the present experiments. 

Cross sections for Coulomb excitation have proved to be of great 

value because they are directly related to E2 transition probabilities and 

provide information for nuclear models. Such information on multiple Coulomb 

excitation would also be of interest as a guide in extending Coulomb-excitation 

theory. Unfortunately, meaningful cross sections cannot be obtained from the 

present experiments be~ause (a) it was necessary to use thick targets, and 

. the. inherent difficulties in obtaining an excitation function are complicated 

by uncertainties in the dE/dx relation for argon ions; (b) only a portion of 

the excitations were observed -- those for which the heavy ion was scattered 

through angles between 90° and 160° and emerged from the target with enough 

energy to enter the gas scintillation counter with greater than 5 to 10 Mev. 
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Table II 

Rotational constants in the heavy elements 

Nuclide A (kev) -B (kev) C (kev) 

Pu240 7.17 3.9 X 10 -3 

Pu238 7.37 3.6 X 10-3 

u238 7.46 2.7 X 10-3 < 2 X 10-6 

u234 7.29 6.9 X 10-3 ('"" 3 X 10 -5 ) 

Th232 8.34 1.2 X 10 -2 4 X 10-5 

Ra226 11.74 8 X 10-2 ( -4 '"" 9 X 10 ) 
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Nevertheless some relative yields have been calculated for two different A
40 

energies (see Table III), and these wi:~l be explained presently. 

There has been no published theoretical treatment applicable to high

order multiple excitation, but Alder and Winther6 are now considering the 

problem. Their first results seem to be in excellent agreement with our 

observations in that ~ualitatively the predicted trends are being followed. 

In columns 2 and 3 of Table III we have summarized the relative 

independent yields for excitation of the indicated' l-evels in Th232 at two 

different A40 -ion bombarding energies. These values were obtained from the 

integrated photopeaks corrected for absorption in the target and backing 

plate and for the counting efficiency of the Nai crystal. Correction was 
I. 

made for internal conversion (assuming E2 transitions), and allowance was made 

for the cascade from higher levels. The yield for the 4+ level has. been 

normalized to 100 for ea.ch energy. It is seen that each successive level has 

an appreciably steeper excitation function so that at the higher bombarding 

energy the 10+ level is about eight times more intense relative to the 4+ 

than at the lower bombarding energy. This is explained in a natural way 

according to the scheme in Fig. 2, since here each higher state results from 

a higher-order multiple excitation. Other explanations of this behavior are 

not so easy. If, for example, the gamma rays come from ordinary single E2 

excitations from the grcund state, then we would expect the 273-kev peak to 

increase only about 10% more than the 113-kev peak over this range of bombard

ing energy. To obtain the much greater variation in yield indicated in Table 

III, one would have to assume either a much higher (and different) energy of 

excitation for each transition, or excitations of higher multipole orders. 

Neither of these possibilities is very likely. The latter -- the direct ex

citation of the rotational-band members by E4, E6, etc. excitations instead 

of by the multiple process -- was shown to be negligible in the case of 

double excitation in the tungsten isotopes using o16 , 2 and should be even 

less important with a higher charged particle. The yields seem, entirely 

reasonable for the experimental conditions used (thick targets and back

scattered projectile ions). Had we used thin targets, the results of Winther 

and Alder would suggest that at the higher bombarding energy the primary 
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Table III 

Relative yields from A 4o on Th232 

E Parent Direct ~ield of the 12arent level 
y level E 40 = 158 Mev E 40 = 190 Mev 

A A 

113 4+ 100 100 

170 6+ 46 88 

222 8+ 10 26 

273 10+ 0.7 5.9 
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population of the 6+ and perhaps the 8+ states would have been higher than 
6 for the 4+ state. Such reversals in yield would be interesting to observe, 

but the difficulties associated with thin targets in our apparatus are rather 

U238 severe. Data similar to that in Table III have been obtained for both 

and Th
232 

with different bombarding ions. In all cases these data are con

sistent with the schemes in Fig, 2 insofar as it is possible to determine Let 

the present time. 

We are grateful to Dr. J. 0, Newton who participated in many of the 

earlier phases of this work. We are also greatly indebted to Dr. E. Hubbard 

and the operating crews of the HILAC for the indispensable help they have 

given us in carrying out these experiments. 
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